Pine Hill lies near the center of a gabbrodiorite intrusion in the foothills of the Sierra Nevada mountain range in El Dorado County, CA, USA. We assembled an extensive flora, examined the distribution and associations of vascular plant taxa, and specifically focused on associations of six rare plant taxa. The influence of environmental variables on plant distribution was investigated using a stratified random plot sampling technique and applying canonical correspondence analyses. The site contained over 10% (741 plants) of the flora of the entire state of California including seven rare species. Species segregated into chaparral, oak woodland, and grassland communities. In chaparral and woodland, and on serpentine sites, over 75% of the flora was comprised of native species. The non-serpentine grassland community was dominated by exotic species (64% exotic) and contained no rare species. Shrub and tree cover were the most important biotic factors associated with plant species distribution; serpentine substrate, soil texture, elevation, and degree of disturbance were the most important abiotic factors. Five rare species were restricted to gabbro soils. Consideration of beta diversity contributed little to our understanding of vegetation patterns. Our analyses identified two types of chaparral which we termed ''Xeric Seeding'' and ''Mesic Resprouting'' to reflect the environmental conditions and the fire regeneration strategy of the vegetation. Each chaparral type contained different rare species whose regeneration strategies were concordant with chaparral regeneration type.
Mediterranean-climate regions are known for the high diversity of their flora, collectively containing almost 20% of the world's vascular plant species while comprising an area less than 5% of the earth's surface (Cowling et al. 1996) . This is due to a combination of factors acting at local to regional scales such as plant growth-form diversity and differential responses to disturbance, plant assemblages composed of habitat specialists and geographical vicariants, and spatial variation in resources due to topographic diversity and edaphic complexity (Cowling et al. 1996) . In California shrublands, edaphic specialists, and patches in which varied seral stages occur following fire add to floristic richness.
Located near the center of a gabbro soil formation in the Sierran foothills 48 km east of Sacramento, CA, Pine Hill stands as one of California's remarkable ''ecological islands'' (Stebbins 1978) , possessing a rich floristic diversity and a high concentration of rare and endangered plants (Fig. 1) . The vegetation consists of open grassland, oak woodlands, and chaparral. The Pine Hill complex forms a 104 km 2 gabbrodiorite volcanic intrusion of Mesozoic origin (approximately 175 million years in age) that is surrounded by metamorphic rocks, with some granitic intrusions, and serpentine rock lands (Springer 1968) . Serpentine occurs as rocky outcrops or as ridges which extend in a northsouth direction. At the time this study was begun in the mid-1980s, at least six rare and endangered plant taxa were considered to exist only on Pine Hill or in the immediately surrounding areas 1 Author for correspondence.
MADROÑ O, Vol. 56, No. 4, pp. 246-278, 2009 (Howard 1978 El Dorado County 2007; Baad personal obervation) . Since these species were only known from gabbro soils at this locality, it appeared as if the rare plants were restricted to soils derived from gabbro parent materials.
Serpentine areas serve as an important edaphic comparison with gabbro. Serpentine is classed as an ultrabasic or ultramafic, cold intrusive rock. It is high in ferro-magnesium silicates and is especially noted for its low calcium and high magnesium levels (Whittaker et al. 1954; Kunz 1985) . High concentrations of heavy metals like chromium and nickel are also generally common in this rock type. The high proportion of endemic species associated with serpentine soils has generated much study ranging from the evolutionary ecology of plant tolerance to the structure of plant communities found on serpentine (see Brady et al. 2005 for a review). The gabbro soils are considered to be edaphically similar to serpentine because of their mineral composition and because they appear to influence plant distributions. However, gabbro-derived soils in El Dorado County have a higher Ca/Mg ratio , and lower concentrations of chromium and nickel than are characteristic of serpentine soils.
Changes in topography strongly affect the distribution of plants by providing micro-climates significant to species survival (Mason 1946; Spurr and Barnes 1973; Mooney et al. 1974; Ricklefs 1976; Hocker 1979) . In California chaparral, topographically-governed moisture and insolation levels may be reflected in patterns of shrub species distribution due to their affect on germination and seedling survival (Meetemeyer et al. 2001) ; hot, exposed sites tend to contain species with seeds cued to germinate after fire and seedlings that have high tolerance to drought, while sheltered slopes contain resprouting species with seeds that depend on cool, moist conditions for germination and subsequent growth. The topography of the Pine Hill complex is rich in its variety of slope and aspect varying from small flat valleys with gently rolling hills to steep river canyons and prominent peaks (though only a few of these extend above 600 meters in elevation) and thus, topography may play an important role in the diversity of the area's flora and in the distribution of the rare plants on the Pine Hill complex. The overall climate is relatively consistent over the entire region and is characteristic of California's Mediterranean climate with warm, dry summers and cool, wet winters. The average annual precipitation, recorded nearby at Folsom Lake, is 65 cm and occurs mostly in the form of rain in the winter months (USBR 1981). In addition to being noted for its unique plant life, the Pine Hill region of El Dorado County was considered a desirable area for residential development. Easy freeway access from the city of Sacramento encouraged rapid and extensive development with much of the land being cleared for commercial and residential uses. By 1996 several plant species were federally listed under the U.S. Endangered Species Act as endangered, threatened, or of special concern (U.S. Fish and Wildlife Service 1996); others were listed as rare by the California Native Plant Society (Table 1) due to urbanization, habitat fragmentation, road construction, herbicide spraying, change in fire frequency, off-road vehicle use, unauthorized dumping, overgrazing, mining, and competition from invasive alien vegetation. Preserves to protect the rare species have been established throughout the Pine Hill area (for a brief history see Brink 2010) . Of the 2,024 ha (5,001 acres) that are within the target recovery area's boundaries, at least 325 ha (803 acres) have been lost due to development while 1,309 ha (3,234 acres) within the recovery boundary are protected within formal preserves (DeLacy, American River Conservancy; Hinshaw, Bureau of Land Management, personal communications). The federal listing of five species has been effective in providing protection for large areas of a unique chaparral (''Northern Gabbroic '', Holland 1986) and has provided collateral protection for seven rare, but unlisted plant species (Pavlik 2003) .
Our goals in this study were to compile a flora for the Pine Hill region, classify the plant communities using Two-way Indicator Species Analysis (TWINSPAN), and to investigate the distributions of plant communities in relation to environmental factors using canonical correspondence analysis and permutation tests in CA-NOCO. We considered both biotic factors (vegetation cover, cover by exotic, native or rare species, vegetation height, etc.) and abiotic factors (slope, aspect, rock type, soil chemistry, disturbance, etc.). Further, we wished to specifically determine the community and plant associations, and environmental correlates of the rare and endangered plants.
MATERIALS AND METHODS

Study Area
In order to evaluate the influence of gabbro soil on plant distribution, we extended the boundaries of the study area beyond the immediate Pine Hill area to include other soil types. We located 148 plots between the elevations of 120 and 670 meters and approximately between north latitude 38u389 and 38u579. Pine Hill, at an elevation of 628 meters (USGS 1973 ) is located near the center of the study area (at approximately 38u439 north latitude and 120u599 west longitude). Approximately 60% of the plots were on gabbro soil.
The Floristic Study of Pine Hill and Vicinity
Plant identification and taxonomy used in this work conform to the nomenclature of Hickman (1993) . Existing specimens from the California State University, Sacramento herbarium (CSUSH) were used to confirm identifications. Plant specimens were collected between 1981 and 1985 during all seasons and placed in CSUSH. Whenever rare plant species were observed during explorations of the study area, their locations were mapped onto USGS 7.5 min quad maps and any unusual circumstances noted. Map locations were converted to UTM coordinates in 2008. Selected sites previously recorded by others were visited to confirm the presence of rare species, but the primary emphasis of this study was to find new rare plant locations. New locations were reported to the California Natural Diversity Database (2008) .
Stratified Random Plot Study
Aerial photographs (USGS 1979) were used to map the overall distribution of the basic vegetation types and the fraction covered by each vegetation type was estimated using graph paper. Ground truthing verified photo interpretation. The vegetation map served as a guide to locate the stratified, random sample plots as well as a means of calculating coverage area for vegetation types as they occurred upon the Pine Hill gabbro formation in 1979. From these calculations, chaparral was the most widespread vegetation with a cover of 44.8%, followed by woodland at 28.3% and grassland at 26.9%.
The number of sample plots per vegetation type was assigned in proportion to the relative aerial coverage of each type. Since a comparison was to be made between vegetation on gabbro soil and that on non-gabbro soil, the number of plots ''on'' and ''off'' the gabbro needed to be relatively consistent within the percentages of each vegetation type found on the gabbro formation. Approximately 40% of the plots assigned to each vegetation category were located on non-gabbro soil.
Appropriate plot sizes were determined experimentally using a nested plot technique and standard species area curve calculations for greater than 90% coverage (Mueller-Dombois and Ellenberg 1974) . This technique to determine plot size was used to insure that the samples taken from each vegetation type would be comparable in species diversity. The actual plot sizes used for each vegetation category were as follows: for chaparral, 42 m 2 (3.25 m 3 13 m); for woodland, 100 m 2 (5 m 3 20 m); and for grassland, 25 m 2 (2.5 m 3 10 m). Rectangular plots were used as they yield more representative data than plots of other shapes (Mueller-Dombois and Ellenberg 1974) .
A total of 148 sample plots was established throughout the study area between July 1984 to February 1985; vegetation and floristic data were taken during spring and summer 1985. At the end of the study period, only 139 of these plots remained. Nine plots were lost due to road building or development. Specific plot locations were assigned using a stratified random sampling method. This method allowed the sampling of specific areas, in between anthropogenically disturbed places, while retaining the advantages of random sampling. A random numbers chart was used to determine direction of travel, distance taken to reach a specific point, and to determine plot orientation. Specific study areas were chosen on the basis of observed environmental variation in the interest of including significant gradients for data analysis.
Environmental data recorded at each plot location were slope, aspect, elevation, soil texture and rock types, soil calcium and magnesium, disturbance, available water, and vegetation cover. Specific slope and aspect measurements were determined using a pocket transit. To reflect the sun exposure, aspects were assigned numerical values on a gradient from 1 to 8 with 1 (SW) indicating maximum exposure, and 8 (NE) indicating minimum (SW 5 1, S 5 2, W 5 3, SE 5 4, NW 5 5, E 5 6, N 5 7, NE 5 8). Surface estimates of soil texture were made by rating the proportions of rock to clay and a numerical scale was constructed to indicate a gradient from extreme rocky outcrop (value of 1) to soils of mostly fine silt and clay (value of 4). Elevations were estimated at each plot location using topographic maps. Geology substrate maps and field identification of the rocks within each plot were used to determine the parent material of the soil. The U.S. Department of Agriculture's soil surveys (Rogers 1974; USDA 1980) were used to check field observations on rock and soil parameters. The levels of calcium and magnesium in the soil were determined using the Model 14855 Soil Calcium and Magnesium Test Kit available from Hach Co., Loveland, Colorado.
Note was taken of any evidence of disturbance due either to human activities, such as grazing or clearing, or natural events, such as fire. Disturbances were recorded with regard to (1) the extent to which they affected the plants within the plot and (2) recentness of their occurrence. These two factors were rated. Ratings on recentness (time) were scaled with end points from 1 (long agolittle or no evidence remaining) to 7 (recentwithin the last 2 yr). Extent of the disturbance was rated from 1 (disturbance area and type minimal) to 4 (major disturbance, all plants destroyed). The two factors were multiplied by each other to obtain a value for each plot. Observable surface water was estimated using a scale as follows: 1 5 always dry, no water nearby; 3 5 near seasonal water supply, mostly dry; 5 5 near a permanent source of water, stream or lake; and 7 5 water within plot most of the year. Differences in cover were estimated on the basis of the total amount of plant cover present in the three structural levels of trees, shrubs and groundcover (herbs and grasses). The method used for estimating cover was a modification of methods described in the literature (Daubenmire 1974; Mueller-Dombois and Ellenberg 1974) . The cover values used in this study were: 8 5 95.1 to 100% cover; 7 5 75.1 to 95% cover; 6 5 50.1 to 75% cover; 5 5 25.1 to 50% cover; 4 5 10.1 to 25% cover; 3 5 5.1 to 10% cover; 2 5 1.0 to 5% cover; 1 5 ,1% cover.
In addition to the measurable data gathered for each plot, other factors were included. ''Latitude'' values for each plot were assigned as the distance in miles north from the southernmost plot location in the study. We noted the number of rare species found within each sample plot. The soil survey for El Dorado Co. (Rogers 1974) rates the suitability of various sites for general farming using the Storie Index rating which takes into account soil profile, texture, slope and other conditions such as drainage. High ratings imply few restrictions to agricultural plants while lower ratings indicate increased limitations to farming. Since the Storie Index is a calculation indicating a soil and plant growth relationship, it was included in the analysis. Depth to bedrock was also noted from the soil survey (Rogers 1974) . Table 2 lists the physical, descriptive, and vegetation variables considered in the study.
The Shannon diversity index (H9) was computed for each sample and used as a measure of alpha diversity or the species diversity within samples (Krebs 1999) . The Shannon H evenness index (evenness 5 H9/log(N)) was used as a measure of how equitable and homogeneous species diversity was among samples. Equitability assumes a value between 0 and 1 with 1 being complete evenness. Diversity and evenness were compared for each rock formation and vegetation category.
Data Analyses
Two-way Indicator Species Analysis (TWIN-SPAN) (Hill 1979 ) is a classification program which organizes plot samples into community groups on the basis of species composition (identity and cover) using a divisive clustering algorithm. Plots with similar associations are grouped together by TWINSPAN and the program organizes species on the basis of their affinities for these groups into plant associations. We analyzed our data using a FORTRAN version of TWINSPAN and that ran on a main-frame computer (Alcor) at the University of California, Davis in 1985. Canonical Correspondence Analysis (CCA here after) is a constrained ordination technique that finds axes of the greatest variability in community composition for a set of samples (ter Braak 1986; ter Braak and Š milauer 2002) . Community composition is defined by the number, identity, and abundance of species. CCA uses weighted averaging to search for the best explanatory variables where species abundances are the weights. Assuming the species have unimodal responses for the explanatory variables, weighted averaging is the simplest way to find the species optima (i.e., species scores) for those variables. A preliminary detrended correspondence analysis (DCA) by segments was used to assess segment length of gradients using CANOCO for Windows (Há jek et al. 2002; ter Braak and Š milauer 2002) . The DCA showed that gradients were 5.20 standard deviations long and thus were conducive to unimodal methods such as CCA (Leps and Smilauer 2003) . As well, data diagnostics were performed to access the assumption of unimodal response of the species data to the explanatory variables.
The CCA program CANOCO (Leps and Smilauer 2003) was used to arrange all plant species along the measured environmental gradients. The quantitative and nominal environmental variables we used are listed in Table 2 . Species cover class values were backtransformed to percent cover using the midpoint value of the cover class and then were log transformed (plus a constant of one) because of the many zero values in order to remedy the positive skew in frequency distribution of species cover. Species with low overall cover were downweighted in the analysis to reduce the undue influence of these rarer species on the CCA (Fig. 2) . This influence occurred because many of the low cover species co-occurred in samples with a few more common species (ter Braak and Š milauer 2002).
All measured and computed (e.g., Shannon H) environmental variables were subjected to Monte Carlo permutation tests in CCA to provide pvalues to assess the marginal significance of each variable individually. The conditional effect of each variable was assessed as each was added to a model during forward selection to explain total variation in community structure. During this process, multicolinearity was detected among several of the variables causing a slight arch effect in the CCA biplots. A correlation matrix was generated and sorted using the CORR procedure in SAS software for all environmental variables in order to identify redundant environmental variables (SAS Institute Inc. 2004) . Any pairwise correlation exceeding 0.60 resulted in the selection of the most objective and ecologically meaningful variable of the pair, and elimination of the other correlated variable with the exception of two pairs of important explanatory variables that had correlations exceeding 0.8: ground cover was correlated with grasslands, a nominal site variable, and tree cover was correlated with ''Woodland'', also a nominal site variable (both correlations .0.80). The remaining explanatory variables were subjected to another forward selection and Monte Carlo permutation to remove those variables that did not explain significant portions of the overall variance singly without the influence of any other variable. These variables were highly unlikely to contribute to an overall explanatory model of species variability among the sites. Multicollinearity was not detected in subsequent CANOCO analyses with the final set of environmental variables. In a final CCA analysis, significant variables were identified and their conditional P-values estimated by Monte Carlo permuation. The final CCA diagram of species scores with biplot scaling, and biplot scores of the quantitative variables and centroid scores of the nominal variables were interpreted for community structure (Leps and Smilauer 2003) . Multiple CCAs were run to partition the total variance into separate 'biotic' (B) factors (plant cover, species numbers, etc.) and 'abiotic' (A) factors (soil calcium, soil type, water availability, etc.; Table 2) (Legendre 2007) . We did this to see how much of community composition was determined by site characteristics such as resource availability (A), by plant-plant interactions (B) and how much was shared between these two categories (C). We estimated the A, B, and C fractions using five partial constrained ordinations. From these five analyses we were able to decompose the total variance in the species data set into abiotic, biotic, and shared sources of explained variance.
Variance decomposition was performed where the two spatially explicit variables, longitude and latitude from UTM data were partitioned from the remaining environmental variables (Legendre et al. 2005) . This decomposition was done to assess for differences in spatial (beta) diversity.
RESULTS
Floristic Content of the Study Area
Over one thousand plant specimens were collected on numerous trips to the region. The final list of plants from the entire study area, on and off gabbro, is a composite of species identified by various individuals working in the area (Appendix 1). The list includes 741 distinct taxa (including 91 subspecies or variaties, 8 species of ferns, and 3 species of mosses) in 376 genera, representing 91 families. The families with the most taxa were Asteraceae (108 species and subspecies), Poaceae (71), and Fabaceae (58).
During the plot study, 342 species and varieties were identified within the plot borders (Appendix 1). The taxa found in the plots belonged to 216 genera that occurred within 66 vascular plant families; 267 (approximately 78%) were California natives. The mean number of plants found in each plot was 24, and the mean percentage of California native taxa occurring throughout all plots was 64.1% (Table 3) . We found 219 species in ''Woodland'' areas, of which 76% were native species. One ''Woodland'' plot, 100 m 2 in size, contained 61 species of plants. The chaparral contained 190 species, of which 76% were native. Within the ''Woodland'' areas, serpentine and gabbro had the highest levels of natives at 96% and 81%, respectively. On the other hand, only 36% of the 149 species found in grassland were native species according to Hickman (1993) . Serpentine grasslands, however, had a greater proportion of native species (66%) than nonserpentine grasslands. The 100 most frequently encountered species in the plots, which included rare species Calystegia stebbinsii Brummitt, Ceanothus roderickii W. Knight, Chlorogalum grandiflorum Hoover, and Wyethia reticulata Greene along with the three other listed species (Fremontodendron californicum (Torr.) Coville ssp. decumbens (R. Lloyd) Munz, Galium californicum Hook. & Arn. ssp. sierrae Dempster & Stebbins, and Packera layneae (Greene) W.A. Weber and A. Lö ve) are listed in Table 4 with their 4-letter species codes.
The low-growing native herb Galium porrigens Dempster was the most common species found (Table 4) and grew in over 80% of the ''Woodland'' and shrub plots, but was never found in grasslands (Table 5 ) while the exotic grasses Aira caryophyllea L. and Bromus madritensis L. occurred in about 80 plots and were found in all three community types (Tables 4 and 5 ). The shrubs with the highest frequency and cover were native species Arctostaphylos viscida Parry and Adenostoma fasciculatum Hook. & Arn. (Table 4) which were found in ca. 75% of the ''tall, closed-canopy chaparral'' and ''Woodland'' plots, and on all soil types, but were never found in grassland (Table 5 ). The tree with the highest frequency and cover was the native oak Quercus wislizenii A. DC., a dominant species of ''Woodland''. It was frequently found in shrub plots and was also found in a few grassland plots.
Classification
Based on their floristic composition, the 138 plots were classified by TWINSPAN into three main communities: ''Woodland'', Shrub, and ''Grassland''. Table 5 lists the classification of the 100 most common species although the analysis was run using all 347 species and varieties. ''Woodland''-type communities were generally found on non-serpentine soils. Within the ''Woodland'' community types, TWINSPAN further delimited ''Blue Oak Savanna'', a community dominated by Quercus douglasii Hook. & Arn. and mostly-native forbs; ''Woodland'', a native-species rich community characterized by high diversity of trees, including the oaks Quercus wislizenii and Q. kelloggii Newb. and Ponderosa pine (Pinus ponderosa C. Lawson), vines including native honeysuckles (Lonicera spp.) and abundant poison-oak (Toxicodendron diversiloba (Torr. & A. Gray) Greene), and native grasses, forbs, and bulbs; and a ''Chaparral-Woodland'' transitional community type that was characterized by the shrubs toyon (Heteromeles arbutifolia (Lindl.) M. Roem.), redbud (Cercis occidentalis Torr.) and coffee berry (Rhamnus tomentella Benth. ssp. crassifolia (Jeps.) J. O. Sawyer), and Foothill pine (Pinus sabiniana Douglas) -species which also grew on serpentine soils. Wyethia reticulata, a species of concern, was included in the main ''Woodland'' group, near the ''Chaparral-Woodland'' transition group.
The Shrub-dominated communities were found on all soil types including serpentine. Shrub communities were divided into ''ShortChaparral'' dominated by native low-growing shrubs, forbs, and grasses -a high proportion of which were found growing on serpentine soils; ''Tall, Closed-Canopy Chaparral'' dominated by the shrubs Adenostoma fasciculatum Hook. & Arn. (chamise), Arctostaphylos viscida Parry (manzanita), the low growing Salvia sonomensis Greene, and the rare species Ceanothus roderickii and Chlorogalum grandiflorum.; and openings in chaparral, ''Open Chaparral, where the exotic grasses Vulpia myuros (L.) C. C. Gmel. and Aira caryophyllea L. were commonly found. Both of these grasses had high occurrence in all three main community types.
In the ''Grassland'' community type, 80% of the most frequently encountered species were exotic. ''Grasslands'' were dominated by exotic annual grasses, especially the brome grasses (Bromus spp.), oats (Avena spp.), and exotic forbs, especially Hypochoeris spp. and Erodium spp.
Results of CCA of the Pine Hill Vegetation
Shrub and Tree Cover (quantitative variables) and community classifications (nominal variables) explained the highest amount of variance in the CCA when we evaluated the marginal significance of each variable individually (Table 2). Serpentine was the only soil type that explained much variation ( Table 2 ). The conditional effect of each variable was assessed as each was added to a model during forward selection to explain total variation in community structure (Table 6 ). The final model that resulted from forward selection found the Shrub and Tree cover variables to have the highest conditional effects (l A 5 0.58 and 0.45, respectively) and thus were the first variables to be included in the multivariate model (Table 6 ). The Serpentine variable was the only abiotic variable (and only rock formation) found to have a moderately high conditional (l A 5 0.15) effect relative to the biotic variables, followed by elevation, surface texture, and degree of disturbance (l A 5 0.09, 0.08, 0.08, respectively).
The first two axis of the CCA biplot depicted three main clusters around variables that generally describe communities dominated by grassland, chaparral, and woodland species (Fig. 3 ). There was a smaller cluster of species scores situated between the ''Woodland'' and chaparral clusters. The tree, shrub and exotic species variables had the longest arrows in the CCA biplot, and were therefore most strongly related to community structure. The first CCA axis (xaxis) was dominated by information contained in exotic species numbers to the right (r ExoSp -CCA1 5 0.73) and shrub cover to the left (r ShCov-CCA1 5 20.91) (Fig. 3) , and separated the open grasslands and blue oak and valley oak savannas from shrub and tree dominated woodlands and shrublands. The shrub species were most often native shrub species (r ShCov-NatS 5 0.74). The second CCA axis (y-axis) was dominated by tree cover (r TrCov-CCA2 5 20.91) and ''Woodland'' sites (r Wood-CCA2 5 20.89) in one direction, and chaparral sites (r Chap-CCA2 5 0.63) in the other direction, and separated the chaparral from ''Woodland''.
The proximity of species in the CCA biplot was indicative of their co-occurrence in the samples and aggregations of species were sorted into communities (Table 7 ). The species with the highest cover observed in this study, Adenostoma fasciculatum (ADFA) is most closely associated and Fremontodendron californicum ssp decumbens (FRCA) ( Table 8 ). ''Chaparral 1'' was found on southerly facing slopes (''Aspt'') and was associated with soils derived from serpentine and gabbro that were rocky (''Text''), dry (''H2O''), and CA-poor (''CA'') but moderately deep (''Bdrk''). A second high diversity shrub-dominated cluster -''Chaparral 2'' (Blue group Fig. 3 ; (Fig. 3) . Environmental variables associated with ''Chaparral 2'' included steeper slopes than ''Chaparral 1'', but with more moderate (non-southerly) aspect and higher water availability. This group was strongly associated with other native species, and negatively associated with disturbance, exotic species, and the ''Grassland'' cluster. Both shrub clusters were associated with higher numbers of families per species (''Dive'') than the ''Grassland'' cluster which was dominated by species in Poaceae. The ''Woodland'' cluster (Red group in Fig. 3 ; Table 7 ) was associated with north facing slopes, the presence of water, and shallow, metamorphicor granite-derived soils with high calcium and few surface rocks. Not surprisingly, it was associated with high tree cover (''TrCov''), and high total cover (''Covr''). This cluster was associated with high species diversity (''Shan''), especially native species (''NatS''), and species diversity was homogeneous among plots (''Even''). ''Woodland'' was negatively associated with disturbance (''Dist''). FIG. 3 . First two canonical correspondence analysis (CCA) axes depicting biplot scores of the 50 most abundant species (hollow triangles), quantitative (arrows), and nominal (filled triangles) environmental variables. The four clusters of species associations are those corresponding to sites with many introduced species (green), to woodland sites (red), to chaparral type 1 sites (yellow), and to chaparral type 2 sites (blue). See Table 4 for species  abbreviations list and Table 2 for list of factors and their abbreviations. Many of the exotic species such as annual grasses Avena fatua L., Bromus diandrus Roth, B. hordeaceous L., Lolium multiflorum L., and Taeniatherum caput-medusae (L.) Nevski (AVFA, BRDI, BRHO, LOMU, and TACA) and forbs Trifolium dubium Sibth., T. pretense L., and Erodium brachycarpum (Godr.) Thell. (TRDU, TRPR, and ERBR) occurred in the ''Grassland'' cluster and were top ranked along the disturbance arrow (Green group Fig. 3 ; Table 8 ). ''Grassland'' was associated with granitic soils on generally level sites, and was highest rated for agriculture according to the Storie Index. ''Grassland'' was negatively associated with shrub cover, plant family diversity, and rare species and strongly associated with Exotic Species (''ExoS''), Since one of the initial goals of this study was to investigate the existence of plant communities that included rare and endangered plants living upon relatively unique soils, special attention was given to plots that included rare species. Within the plot study, only 19 plots possessed rare taxa; all of those were located in either chaparral or woodland areas of gabbro soils. None of the rare plant species was found in the ''Grassland'' cluster (Table 7 ). Of the rare taxa, Calystegia stebbinsii (CAST), Ceanothus roderickii (CERO), Chlorogalum grandiflorum (CHGR), and Fremontodendron californica ssp decumbens (FRCA) were most abundant in the ''Chaparral 1'' cluster and closely associated with each other. Galium californicum ssp sierrae (GACA) was found in the ''Woodland'' cluster adjacent to ''Chaparral 2''. Packera layneae (PALA) and Wyethia reticulata (WYRE) were more abundant in the ''Chaparral 2'' cluster.
Variance partitioning of biotic sources of variance from abiotic sources revealed that 12.5% of the total species variation was explained by purely abiotic factors and 18.6% by biotic factors (Tables 8 and 9 ). According to permutation tests, both of these sources of variation were significant (P 5 0.002) and were of equal weight in explaining variance (at the 5% level). The two categories of variables shared 14.8% of the total species variance.
Partitioning the explanatory variables into spatially explicit (longitude and latitude) and the remaining environmental variables suggested that there may be a small amount of beta diversity among the sites. A linear model of spatial variables explained about 1.3% of the total species variation. An additional 1.1% of the variation was explained jointly by spatial arrangement and the remaining environmental variables. Whereas the full model (P 5 0.002) explained a significant portion of species variation according to permutation tests, the purely spatial sources (P 5 0.054) explained only a marginally significant portion.
Species diversity in terms of the Shannon diversity index (H9) tended to be highest on gabbro soils and lowest on metamorphic soils, and was highest in ''Woodland'' and lowest in ''Chaparral'' plots (Fig. 4) . Species evenness among sites was similar within rock formation groups; ''Woodland'' and ''Grassland'' plots were more homogeneous than the chaparral plots. AS IN FIG. 3) . Taxa abbreviations as in Table 4 . The rare taxa are in bold text. The lower case letters following taxon abbreviations in Chaparral 1 and 2 refer to fire regeneration mechanisms: f 5 facultative seeder, r 5 obligate resprouter, r? 5 potential to resprout suggested by underground perennating structures, s 5 obligate seeder. (Anderson 1991; Keeley 1991; Hickman 1993; Franklin et al. 2004; personal observation 
DISCUSSION
The Pine Hill area stands out as an ecological island of considerable interest due to its diverse flora, vegetation types, rare plant species, and uncommon geology. The 731 species of vascular plants found there and on its borders account for more than 10% of the plant species found in the entire state of California (6,885 species, Hickman 1993) while encompassing less than 0.05% of the area of the entire State. Within this small area we found a diversity of plant forms (ferns, grasses, forbs, shrubs, vines, and trees) within three main community types, many native species including edaphic endemic species, a rich non-native flora, geological and topographic complexity that created numerous habitats, and natural and human-caused disturbances that created temporal diversity. Any or all of these factors interacted to produce an area about 200-fold more diverse on average than the State as a whole.
The distributions of species were related equally to biotic (cover, native species diversity, etc.) and abiotic variables (serpentine soil, soil texture, etc.). Variance in species distributions due to spatial constraints or correlations was small (,2% of variation), which suggests that dispersal limitations have not played a role in community structure at the spatial scale of the Pine Hill gabbro intrusion although dispersal limitations may have played a role at both larger and smaller spatial scales (Bell 2005) . TWIN-SPAN and CCA analysis were in agreement in identifying three basic vegetation types within the study area. The first and most common of these was chaparral shrublands. Overall the chaparral of the study area was rich in terms of native species diversity and had relatively few exotic species. Much of the chaparral was composed of extremely thick stands of Adenostoma fasciculatum (chamise) and/or Arctostaphylos viscida (whiteleaf manzanita). This type of chaparral occurred on south and southwest facing slopes on gabbro or serpentine soils. A second type of chaparral, denoted by the presence of evergreen shrubs Heteromeles arbutifolia and Rhamnus tomentella, and deciduous shrub/tree Cercis occidentalis, occurred on sites with moderate exposure and was intermediate in our analysis between ''Woodland'' and ''Chaparral.
The two main strategies by which chaparral plants regenerate after fire are vegetative resprouting and recruitment from seeds whose germination is cued by fire. Shrubs such as Arctostaphylos viscida and Ceanothus cuneatus (Hook.) Nutt. are referred to as obligate seeders as the plants are killed by fire and the species must regenerate from long-lived seed stored in the soil seed bank (Keeley 1987 (Keeley , 1991 . While the seedlings are able to exploit the high light, nutrient, and water availability of the post-fire environment in the spring following fire, they are then subject to severe moisture stress during the summer drought. As a consequence, these species have evolved higher tolerance to drought than the seedlings of obligate resprouters (Keeley 1998) . Obligate resprouters, such as Heteromeles arbutifolia and Rhamnus tomentella, are not killed by fire but resprout from underground structures such as lignotubers, roots, and/or rhizomes following fire. They do not depend on fire to cue the germination of their seeds; indeed seeds may be short-lived or killed by fire's heat. However, some resprouters, such as Wyethia reticulata (Ayres in press), may not flower until the shrub canopy is removed and thus are indirectly dependant on fire for sexual reproduction. In general, seedlings of resprouting species are less drought tolerant than the seedlings of seeders (Davis et al. 1998; Keeley 1998 ) and may require shaded, mesic sites for seedling survival, such as under the shrub canopy. Some species, such as Adenostoma fasciculatum, are termed ''facultative seeders'' as they employ both strategies; the plants and seeds both survive fire and thus these species can both resprout and germinate following fire. Based on species response models Meentemeyer et al. (2001) have suggested that limitations on seed germination and seedling survival affect landscape patterns of shrub establishment with firedependant seeding species occurring on xeric, exposed slopes, while resprouting species are more common on protected, mesic sites. This interpretation is consistent with the chaparral communities we found. Our study suggests that there are two distinct chaparral types in what has been previously identified as one community, ''Northern Gabbroic Chaparral'' (Holland 1986) , and more recently as the (Arctostaphylos viscida -Adenostoma fasciculatum) / Salvia sonomensis Association (Klein et al. 2007 ). ''Chaparral 1'', dominated by chamise (ADFA) and manzanita (ARVI) was associated with a harsh set of environmental conditions in the CCA and contained a distinct set of plant species many of which respond to fire by facultative or obligate seeding (Fig. 3 , Table 7). We termed this community ''Xeric Seeding'' to denote the harsh environment and dominant method of fire regeneration. As well, this type of chaparral was identified and classified using TWINSPAN as ''Tall Chaparral'' (Table 5). ''Chaparral 2'', identified as a ''ChaparralWoodland'' transitional type in TWINSPAN, was characterized in the CCA by more moderate environmental conditions and species that employ a resprouting strategy to survive fire, e.g., evergreen shrub species Heteromeles arbutifolia (HEAR), and Rhamnus tomentella (RHTO), and deciduous Cercis occidentalis which both resprouts following fire (Anderson 1991) and has long-lived seed that survives fire. We termed this type of chaparral ''Mesic Reprouting''.
''Woodland'', the second main woody vegetation type, appeared where the chaparral-covered slopes came together to form a pattern of drainage gullies and stream courses, and extended into the lower and narrower riparian canyons of the region. Woodland vegetation, with occasional elements from higher elevation forest (e.g., Pinus ponderosa), followed the pattern of drainage courses and streambeds. In addition to serving as riparian tree cover, woodland vegetation covered the north-facing slopes of the steeper hills and ridges as well. A rich variety of native plant taxa occurred in the ''Woodland'' and this community had the highest Shannon's H9 diversity index (Fig. 4) . In many wooded areas, three structural layers or strata were found: a canopy of overstory trees, an understory layer of shrubs and smaller trees, and an herbaceous ground cover. Like the chaparral, the woodland vegetation varied in density. Some areas were extremely thick and almost impenetrable; these were identified using TWINSPAN as species-rich ''Woodland''. The upper layer of this vegetation type was usually quite closed, providing cooler micro-climates beneath the canopy of live oaks and vines. Other ''Woodland'' types were open, park-like meadows of native and exotic forbs with scattered Blue Oaks (QUDO) (''Blue-Oak Savanna'', Table 5 ). Intermediate between ''Woodland'' and ''Shrubland'' was a community that contained shrubs typical of ''Chaparral 2'' and included Foothill Pine (PISA) (''ChaparralWoodland'' Transition Table 5 ).
In the wider, open valleys of the region, the chaparral and woodlands gave way to the third basic vegetation type, the grasslands. Most of the species were common exotic annuals (e.g., Avena spp. Bromus spp., Erodium spp., Lotus spp., Trifolium spp., Tables 5 and 7) that germinated in the fall and early spring, set seed, and were dead by early summer. This species composition was typical of what has been observed in the California foothill grasslands for at least several decades (Bentley and Talbot 1948) with the exception of more recent arrivals, Aegilops triuncialis L. and Taeniatherum caput-medusae. In the Pine Hill area, this vegetation was strongly associated with high numbers of exotic species, high levels of disturbance, granitic soils, little slope and a high Storie Index. They appeared as open sunny meadows with occasional scattered oaks (Quercus douglasii, Q. wislizenii and occasionally Q. lobata Nee) and California buckeye (Aesculus californica) that provided disconnected patches of shade. Past and current grazing practices may maintain this vegetation type (Bentley and Talbot 1948) .
Rare Taxa of Pine Hill Area
No single location or vegetation type was found to contain all of the rare plant species. Of the three basic vegetation types in the Pine Hill area, only the exotic-dominated ''Grassland'' lacked rare plant species. Calystegia stebbinsii, Ceanothus roderickii, Galium californicum ssp. sierrae, Fremontodendron californicum ssp decumbens, and Wyethia reticulata were only found on gabbro soils, although C. stebbinsii is known to occur on serpentine soils in Nevada County (CNDDB 2008) , and Packera layneae occurred on three soil types (Table 1) . It is not obvious from our analyses why five rare species should be restricted to gabbro-derived soil in El Dorado Co. In fact, serpentine substrate played a larger role in community structuring than gabbro in our CCA analysis. Stringent environmental conditions were associated with both rare (FRCA, CERO, CAST) and widespread (ADFA, ARVI) species; less stringent conditions were similarly associated with both rare (GACA, PALA, WYRE) and widespread species (HEAR, RHTO, TODI). Dispersal limitation may play a role restricting species distributions at the scale of single habitat patches and over broader regional scales where seed movement is infrequent (Bell 2005) , but it apparently did not play a large role at the spatial scale of our study. In short, we did not find an explanation for the limited distributions of the rare species. The rare species have been observed recovering after controlled burns as well as wildfires. Studies of recovery after fires of both types in the Pine Hill area indicated that Ceanothus roderickii, Fremontodendron californicum ssp. decumbens, and Calystegia stebbinsii recover from fire through seeds in the soil whose germination is promoted by fire (Boyd 1987 (Boyd , 2007 Nosal 1997) (Table 1) . Calystegia stebbinsii, a short-lived twining vine with a woody caudex and rhizomes, may also be able to resprout after short-interval fires as has been observed for C. macrostegia (Greene) Brummitt, a congener with similar growth traits, in southern California chaparral (Keeley et al. 2006) . Wyethia reticulata (Boyd 1987; Ayres and Ryan 1997) , Chlorogalum grandiflorum (personal observation), Fremontodendron californicum ssp. decumbens (Boyd 1987) and Packera layneae (personal observation) can resprout from underground roots, bulbs, or rhizomes after fire.
Significantly, each chaparral type contained a different assemblage of rare species; ''Chaparral 1'' contained four rare species (CAST, CERO, CHGR, FRCA) while ''Chaparral 2'' contained two rare species (PALA, WYRE). Galium californicum ssp. sierrae (GACA) was located in CCA space in the ''Woodland'' community near the border with ''Chaparral 2''. While our results were based on only 19 plots containing rare species, recently Gogol-Prokurat analyzed 79 chaparral relevés containing one or more rare plants from the Pine Hill area (Gogol-Prokurat 2009). She found that relevés where ''Chaparral 2'' plants (e.g., CABR, CEOC, HEAR, RHTO) were present at cumulative cover values of 3% or higher had more occurrences of resprouting species WYRE, PALA, and CHGR, and facultative seeder FRCA than plots that did not contain these mesic chaparral species. CERO and CAST, obligate seeders were found predominantly in xeric Chaparral type 1 relevés.
Thus, the modes of regeneration of the rare species are tied to environmental harshness and the regeneration strategies of diagnostic common shrub species. This association is important for the preservation of these rare plants for the following reasons: 1) both types of chaparral should be targeted for preservation as each potentially contains a different sub-set of rare species; 2) the search for new populations of a particular rare species, especially those species present only in the seed bank, may be facilitated by looking for diagnostic shrub species; 3) while the regeneration of populations of one or possibly two species (CERO and possibly CAST) requires fire, the regeneration of others (WYRE, PALA, CHGR) may be possible with mechanical removal of the shrub canopy to promote flowering, and/or planting seed into the thick litter of established stands (FRCA, see Boyd and Serrafini 1992) ; and, 4) if artificial populations are deemed necessary, the selection of the appropriate type of chaparral for each species may promote the success of those efforts.
Galium californicum ssp sierrae (GACA) was the only rare species not found in chaparral. Much of its biology, including its mode of regeneration following fire, is unknown. Thought to be an oak woodland species, GACA was placed within the Quercus kelloggii / Arctostaphylos viscida Provisional Association by Klein et al. (2007) , an association that included several of the ''Chaparral 2'' shrubs identified here (e.g., HEAR, CEOC, and RHTO) and rare perennial Wyethia reticulata (Fig. 3) . Of note, after a 2007 fire G. californicum ssp sierra was observed resprouting near fire-killed trunks of Q. kelloggii trees in a community that contained resprouting Packera layneae, W. reticulata, Heteromeles arbutifolia, and reseeding Cercis occidentalisplants of or in close association to ''Chaparral 2'' vegetation. This occurrence suggests that the native community of this tiny plant may be more like ''Chaparral 2'' than oak woodland. 
Eriophyllum lanatum (Pursh) Forbes var. grandiflorum (A.Gray) Jeps. 
